Introduction
Kümmell's disease, first described by Dr Hermann Kümmell in 1891, is a clinical condition in which patients develop a kyphosis in the lower thoracolumbar spinal region months to years after sustaining an otherwise asymptomatic minor spinal trauma. 1,2 The disease was initially described prior to the advent of radiography. Since the development of X-radiography and the widespread use of radiographic examinations, the diagnostic criteria have been widened to include initially negative radiographic findings. 3 Kümmell's disease is a post-traumatic vertebral fracture that is initially asymptomatic and radiographically negative but, ultimately, presents with vertebral body collapse. 1,2 Multiple terms have been used to describe this disease, including delayed post-traumatic vertebral osteonecrosis, 2,4 intravertebral pseudarthrosis, 5 intravertebral vacuum cleft, 6,7 delayed vertebral collapse, 8, 9 and nonunion of compression fracture. 5 Kümmell's disease is rare and there are limited publications available. 10 An extensive review found that only around 120 cases have been reported in the literature. 11 Kümmell's disease occurs primarily in middle-aged and elderly patients, with a H Li, C-Z Liang, Q-X Chen Kümmell's disease: a review slight male predominance, 1 suggesting that the prevalence will increase as the population ages. It is a complicated disease and, although it was first described more than 100 years ago, difficulties with diagnosis and management remain. 10, 12 This review discusses the pathophysiology, clinical presentation, imaging and treatment options of this uncommon and complicated spinal disorder.
Search strategy
Although this was not a systematic literature review, the following search parameters were used to identify publications on Kümmell's disease. The PubMed and Google Scholar databases were searched using the following key words: Kummell's disease, delayed posttraumatic vertebral osteonecrosis, vertebral pseudarthrosis, intravertebral vacuum cleft, delayed vertebral collapse, and compression fracture nonunion. All publications of randomized controlled clinical trials, case studies, case-control studies, cohort studies, reviews, and conference proceedings and abstracts that were identified were reviewed.
Pathophysiology
There is no consensus view regarding the pathophysiology of Kümmell's disease. A variety of hypotheses exist, including avascular osteonecrosis, 5,13 -15 atrophic nonunion, 16 microfracture, 2 nutritional injury, 1 pseudarthrosis, 5,6 and fatigue fracture. 17 The original hypothesis developed by Dr Kümmell states that the initial minor trauma to the vertebral body is not strong enough to cause a fracture, but the nutrition of the vertebral body is damaged. This leads to softening and resorption or atrophy of the adjacent vertebral surface and the development of progressive atrophy. 2 Avascular osteonecrosis of the vertebral body is the predominant hypothetical pathophysiology of Kümmell's disease. 5, 13 -15 This theory is supported by pathological analysis that revealed small necrotic bone fragments with a fibrous stroma, consistent with avascular osteonecrosis. 18 It was reported that the collapsed portion of the vertebral bodies was always less ischaemic, and the histology of the collapsed portion revealed necrosis, which may be secondary to ischaemia. 19 Spinal angiography of the affected vertebrae in three patients revealed arterial rarefaction and occlusion, suggesting a role for ischaemic vertebral collapse. 20
Clinical presentation
Kümmell's disease mainly occurs in adults > 50 years of age and the elderly, 21 with a slight male predominance. 1 The disease was initially described as having three stages. In the first stage, patients are subjected to a trauma that is so minor they may not remember it happening. Back pain then occurs, followed by an asymptomatic interval lasting from months to years. In the second stage, the pain suddenly recurs without further trauma. Finally, in the third stage, a kyphotic deformity develops. 2 The disease was further divided into five stages by Steel in 1951. 1 In the first stage, the initial injury varies in severity and mechanism, but radiographs of the affected vertebra(e) are necessarily negative. The second stage is a post-traumatic period in which the patient may present with minor back complaints but without functional limitation. The third or latent stage, during which the patient is not incapacitated, may last from weeks to months. In the fourth or recrudescent stage, the patient complains of persistent and progressive back pain localized to the area of compressed fracture. In the final or terminal stage, a kyphotic deformity gradually occurs, with or without the development of spinal cord compression.
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Imaging
Plain radiographs, including standing anteroposterior and lateral X-rays, are the standard radiographic examination in Kümmell's disease. The collapse of the vertebral body is often greater anteriorly than posteriorly, 14, 15 and the affected vertebrae are usually at the level of the thoracolumbar junction (from T8 to L2), with T12 the most common. 21 The intravertebral vacuum clefta linear, transverse radiolucency on X-raysis the accumulation of gas in the centre of the vertebral body or adjacent to one of the endplates (Fig. 1 ). 14 The intravertebral vacuum cleft phenomenon is associated with Kümmell's disease, 14,22 -24 and may be a sign of avascular osteonecrosis of the vertebral body. 14, 22, 25, 26 Intravertebral vacuum cleft is apparent on computed tomography (CT) scans and has a heterogeneous distribution and irregular shape when compared with Xradiographs. Intravertebral vacuum cleft is highly suggestive of Kümmell's disease but is not definitive, as it occurs in other conditions including neoplasm, 26 -28 infection, 29 osteoporosis, 15 chronic steroid administration, 11 radiotherapy, 15, 26 intraosseous disc prolapse, 30, 31 arteriosclerosis or alcohol abuse, 32 and pancreatitis or cirrhosis. 15 The appearance of the intravertebral vacuum cleft on magnetic resonance imaging (MRI) varies depending on whether it is filled with gas or fluid. 5,11, 33 When filled with fluid, the cleft has a decreased signal on T 1 -weighted images and an increased signal H Li, C-Z Liang, Q-X Chen Kümmell's disease: a review on T 2 -weighted images. 23, 24, 34 This is termed the 'fluid sign' (Figs 2 and 3), 34 and is thought to be highly suggestive of avascular necrosis. 4, 26 A peripheral zone of hyperintensity surrounding the band of hypointensity can occasionally be seen on T 2weighted images (Fig. 3) . 24 This is termed the 'double-line sign', and corresponds to the intravertebral vacuum cleft. 35 This sign may represent the sclerosis forms surrounding the central new granulation tissue. 10
Treatment options
There is no standard treatment and no single effective treatment for Kümmell's disease. 36 Several factors must be taken into account when determining treatment modality, including the severity of pain, presence of neurological deficits, comorbidities, magnitude of the kyphotic deformity and bone quality. 5, 9, 33 
NONSURGICAL TREATMENT
The nonsurgical treatment of Kümmell's disease includes bed rest, lumbar traction, wearing a brace, analgesics and antiosteoporosis drugs. 23, 37, 38 It is thought that a certain percentage of vertebral compression fractures are progressive, and conservative treatment may be not sufficient for these patients. 39, 40 
SURGICAL TREATMENT
The surgical indications for Kümmell's disease require further study and strict identification. 10 In general, however, surgery is recommended for patients with serious pain refractory to conservative treatment, 
Anterior procedure
Decompression and spinal stabilization can be easily and safely performed via an anterior approach. 41 The Kaneda device is an anterior fixation system that is characterized by sufficient correction of deformities and stability to provide satisfactory neurological recovery and realignment of the vertebral column. 42 A study including 22 patients with neurological deficit who underwent anterior decompression and instrumentation with the Kaneda device found that all patients returned to their daily lives with neurological recovery and a stable spine. 43 There were six complications, but the anterior procedure was found to be generally effective, with a low incidence of instrumentation failure and low morbidity. Kanayama et al. 44 found that the mean decrease of kyphotic angle in 31 patients was 10° (after a mean follow-up period of 57 months) with Kaneda anterior spinal instrumentation. Posterior reinforcement was required in six patients who had severe osteoporosis and/or underwent multilevel corpectomies. Another study indicated that decompression with anterior strut bone graft and Kaneda device in nine patients with wedged collapse resulted in improvements in Frankel scale 45 H Li, C-Z Liang, Q-X Chen Kümmell's disease: a review function score of at least one level, and no compression fracture or vertebral collapse of adjacent vertebral bodies occurred during the follow-up period. 46 The anterior procedure has several limitations. It usually involves a long surgical duration and may cause injury to internal organs. Elderly patients with several comorbidities may not tolerate the procedure. In addition, osteoporosis may cause the instrumentation to dislodge.
Posterior procedure
Anterior cord decompression can also be performed via a posterior approach, with the advantage that the diaphragm does not need to be sectioned. 42 The posterior approach also allows for osteotomy, which is a safe and reliable technique for the treatment of low lumbar kyphosis. Lee et al. 36 used cementaugmented anterior reconstruction with short posterior instrumentation in the treatment of 10 patients with cord compression, resulting in 88% mean deformity correction without catastrophic complications. Posterolateral decompression and posterior reconstruction of 14 patients with neurological deficits resulted in a mean decrease of kyphotic angle of 18.2°, and improvement in neurological status. 9 Posterior one-segmental fixation combined with vertebroplasty and posterior shortening osteotomy obtained similar satisfactory outcomes in deformity correction, pain relief and functional improvement. 47 Without anterior support, excessive tensile forces can be placed on the posterior instrumentation leading to loss of fixation or implant failure, loss of correction and pseudarthrosis. 48 In addition, the posterior procedure is highly technique dependent 13 and has multiple risk factors, including cerebrospinal fluid fistula, nerve root compression and spinal cord compression. 49, 50 
Combined anterior and posterior procedure
A combined anterior and posterior procedure is recommended in patients with large-angle kyphotic deformity and significant sagittal imbalance. This combined approach maximizes the chances of successful decompression, correction and fusion, especially for patients with osteoporosis of the spine. 51
PERCUTANEOUS VERTEBRAL AUGMENTATION
The role of percutaneous vertebral augmentation (vertebroplasty and kyphoplasty) in achieving pain relief, restoring the vertebral body height and correcting deformity has been widely reported. 5, 52, 53 Vertebroplasty and kyphoplasty involve the percutaneous administration of acrylic cement into fractured vertebral bodies under local anaesthesia and fluoroscopic guidance. 54 Since the severe, persistent pain of Kümmell's disease derives from motion in the intravertebral vacuum cleft, excellent pain relief can be attained when the cleft is stabilized by filling with cement. 55 Percutaneous vertebral augmentation can be combined with anterior and/or posterior surgical procedures, providing long term stability. 47 Leakage of cement into the spinal canal is a devastating complication of this therapeutic procedure. 33 Fracture of the posterior vertebral body wall may increase the risk of retropulsion of bone or cement leakage and is, therefore, a contraindication for percutaneous vertebral augmentation. 13
SELECTION OF OPTIMUM TREATMENT MODALITY
Kümmell's disease has been divided into three subtypes based on their appearance on lateral X-radiograph. These include: type 1 -wedge collapse, where the ratio of the anterior height to posterior height of the vertebral body is < 60%; type 2 -concave with anterior spur or sclerotic changes; and type 3 -flat with uniform compression. 46 Anterior decompression with instrumentation is recommended for patients with type 1 injury, and posterior decompression and reconstruction is more suitable for patients with type 2 or type 3 injuries. 46 Kümmell's disease was divided into three stages by Li et al: 56 stage I -vertebral body height loss < 20%, no adjacent disc degeneration; stage II -vertebral body height loss ≥ 20%, usually with adjacent disc degeneration, dynamic mobile fracture; stage III -posterior cortex fracture with spinal cord compression. It was proposed that vertebral augmentation should be considered for stages I and II, and decompression and stabilization should be performed for stage III. 56 Others have suggested that the decision to perform an anterior or posterior procedure should be based on the surgeon's experience and preference, because both procedures have advantages and disadvantages. 7
Conclusions
Kümmell's disease is an uncommon and complicated spinal condition, which is also defined as delayed post-traumatic vertebral body collapse. Avascular osteonecrosis is the most widely accepted hypothetical pathophysiology. The intravertebral vacuum cleft phenomenon is considered to be a highly suggestive sign of Kümmell's disease. Treatment options include nonsurgical and surgical treatment and percutaneous vertebral augmentation. Surgery provides significant relief of symptoms, functional improvement and correction of deformity. Treatment modalities must be individualized, depending on the stage of disease and the surgeon's experience and preference.
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